Introduction
============

Numerous clinical events, including sepsis, trauma, transient ischemia and reperfusion, cause acute lung injury (ALI) ([@b1-mmr-15-03-1272]). Sepsis, as a result of severe infection, is one of the most common clinical causes of ALI and leads to a high mortality of 60--80% ([@b2-mmr-15-03-1272]). Although the management of critically ill patients is improving, the mortality rate remains \~40%, and survivors often do not return to a normal life ([@b3-mmr-15-03-1272]). In both immunocompromised and immunocompetent individuals, bacterial pneumonia is a leading cause of mortality from ALI. During the process, neutrophil infiltration is the first event, followed by large amount of proinflammatory cytokines and proteases, including myeloperoxidase (MPO), which are the main mediators in the causes of serious lung injury. Presently, only a few pharmacological treatments are available for lipopolysaccharide (LPS)-induced ALI; the inhibition of inflammation or the production of antioxidative effects.

Ethyl pyruvate is a stable and simple lipophilic ester derived from the endogenous metabolite pyruvate and has been demonstrated to protect against inflammation and to mitigate organ dysfunction in several animal models of various disorders, including severe sepsis, burns and acute pancreatitis. Ethyl pyruvate has also been demonstrated to possess a protective effect on ALI, probably through the inhibition of the mitogen-activated protein kinase (MAPK) pathway in lungs ([@b4-mmr-15-03-1272],[@b5-mmr-15-03-1272]). However, these results simply reveal the general ameliorative effect of ethyl pyruvate with no cellular target and therefore, more data are required to elucidate the underlying mechanism.

Previous studies ([@b6-mmr-15-03-1272]--[@b9-mmr-15-03-1272]) have demonstrated that neutrophils extensively accumulate in the lung during the initial stage of ALI, which substantially contributes to the severity of this disorder in human and animal models by several mechanisms: i) The release of granule components, including serine proteases, matrix metalloproteinases and lactoferrin; ii) the generation of reactive oxygen species; and iii) the formation of neutrophil extracellular traps, thus making neutrophils a potential target for ALI attenuation. Different therapeutic approaches have been developed against neutrophil infiltration, the releasing of granule components and the induction of apoptosis.

Autophagy is a constitutive regulatory means of cellular homeostasis involved in diverse physiological and pathological events ([@b10-mmr-15-03-1272]--[@b15-mmr-15-03-1272]). Autophagy has been demonstrated to be important for bacterial infection and inflammation ([@b16-mmr-15-03-1272]--[@b18-mmr-15-03-1272]), for example, autophagy in macrophages is important for the maturation, activation, polarization and regulation of cytokine production ([@b19-mmr-15-03-1272]--[@b23-mmr-15-03-1272]). Several mechanisms of anti-inflammation by autophagy have been proposed, including clearing the cytoplasm of non-functional organelles (e.g., mitochondria), and removing the aggregated inflammasome structure ([@b16-mmr-15-03-1272]). However, few studies exist on the regulation of neutrophils by autophagy, and recently it was demonstrated that autophagy deficiency reduced neutrophil degranulation ([@b24-mmr-15-03-1272]). Whether ethyl pyruvate contributes to neutrophil autophagy in ALI remains to be elucidated.

The present study aimed to confirm the protective effects of ethyl pyruvate on ALI *in vivo* using an LPS-induced mouse model, and to further elucidate the underlying mechanism. The data demonstrated that neutrophils infiltrated into airspace during ALI experience increased autophagy, which is required for granule release, while ethyl pyruvate inhibited autophagy in neutrophils, and decreased granule release, thus attenuating lung injury in ALI. This novel mechanism illuminates the role of ethyl pyruvate in ALI, and provides a basis from which to develop a novel therapeutic approach with autophagy as a target.

Materials and methods
=====================

### Reagents and antibodies

Ethyl pyruvate, lipopolysaccharide and N-Formyl-Met-Leu-Phe were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Antibodies against LC3 (cat. no. 4108S, 1:2,000), Becn1 (cat. no. 3738S, 1:2,000), ATG5 (cat. no. 12994, 1:2,000), and β-actin (cat. no. 4970S, 1:2,000) were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). PE-Ly6G \[1A8\] and APC-Gr1 \[RB6-8C5\] were purchased from BioLegend, Inc. (San Diego, CA, USA). ELISA Kits for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and MPO were purchased from R&D Systems, Inc. (Minneapolis, MN, USA).

### Experimental model

C57BL/6 male mice (n=56; 8 weeks old) used for preparing ALI models were obtained from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences (Shanghai, China), and maintained under specific pathogen-free conditions at 22°C, 50% humidity and a 12 h light/dark cycle, with free access to food and sterile water. The animals were weighed, injected intratracheally with LPS (5 mg/kg) or vehicle (phosphate-buffered saline; PBS) and euthanized with CO~2~ at 2 l/min in a closed box of \~10 l volume. The concentration of CO~2~ was gradually increased to 70% within \~4 min) for 15 min, and mortality was confirmed upon no response to hind limb pinching at 4 or 24 h following injection. All experiments were performed in accordance with the guidelines of, and with the approval of, the Animal Care and Usage Committee of Xinhua Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China).

### Histopathology

Lung samples were fixed in 10% formalin, sectioned and dehydrated through 70, 80 and 95% alcohol, 45 min each, followed by 3 changes of 100% alcohol, 1 h each, followed by embedding in paraffin wax. Tissue blocks were sectioned to 5 mm, transferred to glass slides and stained with hematoxylin and eosin. Morphological examinations were performed using light microscopy and images were captured.

### Cell culture and transfection

The murine myeloid cell line, 32Dcl3 (CRL-11346), was obtained from American Type Culture Collection (Manassas, VA, USA), and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum. The 32Dcl3 cells were transfected with Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer\'s protocol.

### Determination of cytokines and MPO in murine bronchoalveolar lavage fluid (BALF) by ELISA

TNF-α, IL-6, and MPO in murine BALF were determined by sandwich ELISA (R&D Systems, Inc.), according to the manufacturer\'s protocol.

### Immunoblotting

Immunoblotting was performed as described previously ([@b17-mmr-15-03-1272]). Briefly, cells with or without treatment were collected and lysed in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China). Following brief vortexing and rotation, cell lysates were separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% non-fat milk in PBS for 30 min at room temperature and were subsequently incubated with appropriate antibody in PBS with 0.5% non-fat milk for 2 h at room temperature. Following washing in PBS/Tween-20, the membranes were incubated for 1 h with horseradish peroxidase-conjugated secondary antibody. Bands were detected with enhanced chemiluminescence plus detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA).

### Autophagy analyses

Autophagy was analyzed by immunoblotting or fluorescence microscopy, as described previously ([@b25-mmr-15-03-1272]). Briefly, cell lysates were immunoblotted with rabbit monoclonal anti-microtubule-associated protein 1A/1B-light chain 3 (LC3) antibody (Cell Signaling Technology, Inc.; cat. no. 4108S) at 1:2,000 dilution, followed by incubation with HRP-linked anti-rabbit secondary antibody (cat. no. 7074S; Cell Signaling Technology, Inc.) to monitor LC3-II generated during the formation of autophagosomes.

### Pulmonary leukocyte isolation

Animals were euthanized with 70% CO~2~ following approved protocols, and cells from individual mice were collected for further experiments. BAL was collected, and the cells were dispersed by repetitive suction through a 10 ml syringe and centrifuged at 400 × g for 10 min at room temperature. Pellets were resuspended in 1 ml sterile double-distilled H~2~O to lyse red blood cells and centrifuged, as before. The pellets were resuspended in 5 ml complete medium or PBS.

### Flow cytometric analysis

BALF cells and lung leukocytes were assessed using flow cytometry. BAL cells (50,000 cells) in 100 µl flow assay buffer were incubated with PE-Ly6G \[1A8\] (\#127607) and APC-Gr1 \[RB6-8C5\] (\#108411) (Biolegend, San Diego, CA, USA). Cells were washed again, resuspended in 3% paraformaldehyde and analyzed using a FACS Caliber flow cytometer (BD Bioscience, San Jose, CA, USA).

### Statistics

Two-tailed Student\'s t-test or one-way analysis of variance were used for statistical analyses with GraphPad Prism 6 (GraphPad, San Diego, CA, USA). Quantitated data from at least 3 independent experiments were shown as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Accumulated neutrophils in BALF from LPS-induced ALI in mice

Sepsis is one of the most common clinical causes of ALI/acute respiratory distress syndrome (ARDS), so in order to further research on the mechanism underlying the acute lung injury, an LPS-induced lung injury model mouse was established. LPS, a component of the cell wall of Gram-negative bacteria, can induce severe inflammatory responses, and intratracheal administration of LPS has gained wide acceptance as a clinically relevant model of ALI/ARDS in mice. During the development of ALI, changes in breathing patterns are observed, accompanied by lower blood oxygenation ([Fig. 1A](#f1-mmr-15-03-1272){ref-type="fig"}; known indicators of ALI) ([@b26-mmr-15-03-1272],[@b27-mmr-15-03-1272]). In addition, more intravascular content leakage was observed due to dysfunction of the capillary walls, including increased lung water content ([Fig. 1B](#f1-mmr-15-03-1272){ref-type="fig"}), as well as more protein and more blood granulocytes present in BALF ([Fig. 1C and D](#f1-mmr-15-03-1272){ref-type="fig"}). Flow cytometry analysis was performed to characterize the neutrophils more accurately, and the data demonstrated considerably more Gr1+Ly6G+ cells (neutrophils) in BALF ([Fig. 1E](#f1-mmr-15-03-1272){ref-type="fig"}). As the first line of defense for the host, neutrophils contain diverse proteinases, including lactoferrin, serine protease and MPO, which can be rapidly released upon activation, and they also produce multiple pro-inflammatory cytokines, both contributing to tissue injury, including ALI ([@b28-mmr-15-03-1272]). The present study detected the production of MPO in BALF, and the data indicated a much higher level of MPO in BALF compared with sham control mice ([Fig. 1D](#f1-mmr-15-03-1272){ref-type="fig"}). Therefore, the ALI mouse model demonstrated characteristic features of ALI, including high protein levels and neutrophil infiltration in BALF.

### Protective effects of ethyl pyruvate on ALI

Ethyl pyruvate, a stable and simple lipophilic ester that derives from the endogenous metabolite pyruvate, has been demonstrated to protect against inflammation and to reduce organ dysfunction in several animal models of clinical illnesses, including burn injuries, severe sepsis and acute pancreatitis. Ethyl pyruvate has been demonstrated to exhibit a protective effect in ALI, probably through inhibition of the MAPK pathway in lungs. However, allowing for the multiple mechanisms of anti-inflammation, ethyl pyruvate contributes to protective effects against ALI through other pathways, remains to be elucidated. Following the application of ethyl pyruvate in ALI, an attenuation of ALI was observed, based on the inflammatory cell infiltration detected in H&E staining ([Fig. 2A](#f2-mmr-15-03-1272){ref-type="fig"}), and decreased production of cytokines, including TNF-α ([Fig. 2B](#f2-mmr-15-03-1272){ref-type="fig"}), and IL-6 ([Fig. 2C](#f2-mmr-15-03-1272){ref-type="fig"}) in BALF from ALI mice compared with the saline group at 4 and 24 h ([Fig. 3A](#f3-mmr-15-03-1272){ref-type="fig"}). The production of MPO, which is mainly released from neutrophils, was also detected in BALF, and the results indicated a significant decrease of MPO production in BALF ([Fig. 2D](#f2-mmr-15-03-1272){ref-type="fig"}). However, the infiltration of neutrophils in BALF exhibited no marked inhibition by ethyl pyruvate ([Fig. 2E](#f2-mmr-15-03-1272){ref-type="fig"}), suggesting that there exists other mechanisms for MPO release by neutrophils. Thus, the data suggested that ethyl pyruvate inhibits degranulation and attenuates ALI.

### Enhanced autophagy in neutrophils in ALI mice model

Autophagy is a constitutive regulatory means of cellular homeostasis involved in diverse physiological and pathological events ([@b10-mmr-15-03-1272]--[@b15-mmr-15-03-1272]), and has been demonstrated to possess a pivotal role in neutrophil-mediated inflammation, thus the present study detected autophagy in neutrophils from BALF. Autophagy induction was assessed by monitoring LC3, as LC3 I conjugated to phosphatidylethanolamine (LC3 II), which links to autophagosome-membrane following the induction of autophagy. Following preparation from BAL fluid from mice, neutrophils were lysed and analyzed by immunoblotting for LC3-II. LC3-II levels in neutrophils from mice with ALI were increased significantly compared with the control mice, while ethyl pyruvate reduced the autophagy ([Fig. 3A](#f3-mmr-15-03-1272){ref-type="fig"}). The expression levels of Beclin 1, a key regulator in autophagy, were monitored and the similar results to LC3 II were obtained ([Fig. 3B](#f3-mmr-15-03-1272){ref-type="fig"}). No significant differences were observed in the neutrophil amount present in BALF between the ALI group and the EP-treated group, while the cytokines, including TNF-α and IL-6, and particularly MPO, which are mainly released from neutrophils, are much higher in the BALF from ALI mice compared with the BALF from the EP-treated group. It was assumed that autophagy is important for neutrophil activation and degranulation, and ethyl pyruvate exerts protective effect in ALI by inhibiting neutrophil autophagy.

### Ethyl pyruvate inhibits autophagy in neutrophils

To clarify the effects of autophagy on neutrophil degranulation, Atg5, a key regulator for autophagy, was knocked down with small interfering RNA in the neutrophil line, 32Dcl3 ([Fig. 4A](#f4-mmr-15-03-1272){ref-type="fig"}). Both LPS (100 ng/ml) and N-Formyl-Met-Leu-Phe (fMLP) (200 nM) strongly induced neutrophil degranulation, as presented in [Fig. 4B](#f4-mmr-15-03-1272){ref-type="fig"}. However, the knockdown of Atg5 abolished the effect of LPS and fMLP on MPO release from neutrophils ([Fig. 4D](#f4-mmr-15-03-1272){ref-type="fig"}), emphasizing the essential role of autophagy for degranulation of neutrophils. 32Dcl3 cells were subsequently treated with LPS (100 ng/ml) and fMLP (200 nM) for 14 h in the absence and presence of ethyl pyruvate, and the results demonstrated that ethyl pyruvate inhibited the induction of autophagy in 32Dcl3 cells ([Fig. 4C](#f4-mmr-15-03-1272){ref-type="fig"}). In addition, MPO release and TNF-α production by neutrophils were also decreased in the presence of ethyl pyruvate ([Fig. 4D and E](#f4-mmr-15-03-1272){ref-type="fig"}), consistent with the results of ATG5-knockdown treatment and confirming the role of autophagy in MPO release and TNF-α production by neutrophils. Together, the data illustrated the protective effect of ethyl pyruvate on ALI by inhibiting degranulation through blocking autophagy of neutrophils, unveiling a novel mechanism, which may lead to a novel therapeutic strategy for ALI.

Discussion
==========

Neutrophils contribute to ALI through a number of mechanisms, including the generation of ROS due to excessive activation, the formation of neutrophil extracellular traps, the production of proinflammatory cytokines and the release of granule components. The evidence indicates that the biological alteration of neutrophils is involved in the initiation, development and resolution of ALI. Thus, therapy concentrated on inhibiting neutrophil activation and degranulation may provide one promising approach for ALI. The data from the present study demonstrated that neutrophils infiltrated into airspace during ALI experience increased autophagy, which is required for granule release, while ethyl pyruvate inhibited autophagy in neutrophils, and decreased granule release from neutrophils, thus attenuating lung injury in ALI. This novel mechanism clarifies the roles of ethyl pyruvate in ALI, and also provides a basis to develop a novel therapeutic approach, with autophagy as its target.

Ethyl pyruvate has been administrated in various animal models to ameliorate organ injury, including lung and hepatic injury ([@b4-mmr-15-03-1272],[@b5-mmr-15-03-1272],[@b29-mmr-15-03-1272]). It is widely accepted that ethyl pyruvate has an anti-inflammatory effect and decreases the production of cytokines, including TNF-α, IL-6 and high mobility group box 1 protein, thus reducing mortality. However, the cellular targets in these previous studies are elusive ([@b30-mmr-15-03-1272]). In the present study, based on decreased MPO release, it was hypothesized that the neutrophil can be the cell type affected. Yet no significant difference in neutrophil infiltration between the control group and the ethyl pyruvate-treated group was observed, suggesting some other mechanism to regulate neutrophil biology. It was noticed that the results of the present study are inconsistent with the previous study by Kung *et al* ([@b5-mmr-15-03-1272]). These inconsistences may be the result of different species of animal used and different methods, as Kung *et al* ([@b5-mmr-15-03-1272]) used rats to construct their ALI model and counted all inflammatory cells instead of neutrophils.

As autophagy has been reported to serve an important role in neutrophil degranulation, autophagy in neutrophils isolated from BALF was identified and increased autophagy was observed, while ethyl pyruvate prevented the increase. In order to explore the underlying mechanism, 32Dcl3, a neutrophil cell line, was treated with LPS and enhanced autophagy and MPO release was observed, while the presence of ethyl pyruvate prevented the increase of autophagy. When Atg5 was knocked down, MPO release upon LPS stimulation was reduced, providing more evidence on the essential role of autophagy in neutrophil degranulation. Thus, using various methods, the present study emphasized the contribution of ethyl pyruvate in alleviating lung injury by dampening neutrophil autophagy.

In summary, the results revealed a novel mechanism of ethyl pyruvate in the alleviation of ALI by inhibiting autophagy in neutrophils and in turn dampening granule release; the results may also aid the identification of a potential therapeutic approach for ALI.
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![Accumulated neutrophils in BALF from intestinal LPS-induced ALI in mice. Eight-week old C57BL/6 male mice (6 mice per group) were injected intratracheally with LPS (5 mg/kg) at 4 or 24 h. (A) Arterial blood pO~2~ was identified. (B) Mouse lungs were removed, and percent water content measured. BALF was collected, and (C) protein contents and (D) ANC were measured. The data are presented as the mean ± standard deviation of three independent experiments (\*P\<0.05). BALF, bronchoalveolar lavage fluid; LPS, lipopolysaccharide; ANC, absolute neutrophil count; ALI, acute lung injury; Cont, control.](MMR-15-03-1272-g00){#f1-mmr-15-03-1272}

![Protective effects of ethyl pyruvate on ALI. Eight-week old C57BL/6 male mice (6 mice per group) were administrated with ethyl pyruvate (80 mg/ml) or saline, then injected intratracheally with LPS (5 mg/kgs) at 4 or 24 h. (A) Lungs samples were fixed, embedded in paraffin wax, sectioned at 5 µm and stained with hematoxylin and eosin. The images are representative of three experiments (scale bar, 20 µm). BALF was collected from the mice and (B) TNF-α, (C) IL-6, and (D) MPO were measured by ELISA. (E) The cells collected from BALF were stained with Gr1 and Ly6G^+^ antibody, and were subsequently counted using flow cytometry. The data are presented as the mean ± standard deviation of three independent experiments (\*P\<0.05). ALI, acute lung injury; LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; MPO, myeloperoxidase; PBS, phosphate-buffered saline; n.s., non-significant.](MMR-15-03-1272-g01){#f2-mmr-15-03-1272}

![Enhanced autophagy in neutrophils in ALI mice model. Eight-week old C57BL/6 male mice (6 mice per group) were injected intratracheally with LPS (5 mg/kg) at 4 or 24 h. Neutrophils from normal mice and LPS-induced ALI mice were isolated and lysed. Lysates were analyzed by immunoblotting with (A) LC3 antibodies for conversion of LC3-I to LC3-II and (B) Becn 1 antibodies. Images are representatives of three experiments. ALI, acute lung injury; LPS, lipopolysaccharide; LC3, microtubule-associated protein 1A/1B-light chain 3; EP, ethyl pyruvate.](MMR-15-03-1272-g02){#f3-mmr-15-03-1272}

![Ethyl pyruvate inhibits autophagy in neutrophils. (A) Murine myeloid cells, 32Dcl, 3 were transiently transfected with siScramble or siATG5 overnight, and the cells were lysed. Lysates were analyzed by immunoblotting with ATG5 antibody. (B) Murine myeloid cells, 32Dcl3, transiently transfected with siScramble or siATG5 overnight, were treated with fMLP (200 nM) or LPS (100 ng/ml) for 14 h, and supernatants from cultured neutrophils were collected and subjected to ELISA for detecting MPO. (C) Murine myeloid cells, 32Dcl3, were treated with fMLP (200 nM) or LPS (100 ng/ml) for 14 h in the absence or presence of EP. Supernatants were collected and the cells were lysed. Lysates were analyzed by immunoblotting with LC3 antibody. Images presented here were representatives of three experiments. Supernatants were subjected to ELISA for (D) TNF-α and (E) MPO. Images presented here were representatives of three experiments. The data are presented as the mean ± standard deviation of three independent experiments (\*P\<0.05). ATG5, autophagy related 5; fMLP, N-Formyl-Met-Leu-Phe; LPS, lipopolysaccharide; MPO, myeloperoxidase; EP, ethyl pyruvate, LC3, microtubule-associated protein 1A/1B-light chain 3; TNF-α, tumor necrosis factor-α.](MMR-15-03-1272-g03){#f4-mmr-15-03-1272}
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